Objective: To evaluate the diagnostic value of fine-needle aspiration (FNA) cytology and the additive contribution brought by clinical and ultrasound (US) features. Method: Cytological and histological diagnoses were compared in a series of 924 patients who underwent US-guided FNA before surgery. We additionally developed a grading system for follicular proliferation (FP) FNA diagnosis, and investigated its impact on the malignancy risk as well as the additive contribution of clinical and US features by means of decision tree analysis. Results: Excluding FP cases (nZ395), our data demonstrated that strictly benign or malignant FNA diagnoses exhibit great concordance with benign or malignant histological diagnoses (97.8% accuracy). Our grading system that was applied to the 395 FP cases revealed that grades 1, 2 and 3 were associated with a 7.7, 17.7 and 45.7% incidence of malignancy respectively. Decision tree analysis resulted in a classification model which involved FP grade, patient's age, serum thyroglobulin level, nodule size and nodule uniqueness. This model identified a subgroup of patients with grade 1 FP nodules who were older than 50 years, and who had a higher risk of malignancy (17.9%). In addition, high serum thyroglobulin levels were associated with a very high malignancy risk (75.0%) for patients with grade 3 FP nodules. Finally, among grade 2 FP patients, unique and large nodules were associated with a high malignancy risk of 36.1%. Conclusions: The integration of FP grade, clinical and US features allows the stratification of patients with FP cytology according to their risk of malignancy.
Introduction
The assessment of thyroid nodules is a common clinical problem. The frequency of thyroid nodules detected by ultrasound (US) has strongly increased in recent years, reaching 67% of the adult population (1) . In contrast, thyroid cancers are rare, accounting for only 1% of all cancers and occurring in w5% of all thyroid nodules independent of their size (1, 2) . Thus, the challenge that the physicians who manage patients with thyroid nodules face is the efficient stratification of patients according to their risk of malignancy in order to identify the best follow-up and therapeutic options.
Fine-needle aspiration (FNA) has become the predominant method used for the primary diagnosis of benign and malignant thyroid nodules, resulting in the categorisation of patients as operative or non-operative candidates (1) (2) (3) . However, FNA has intrinsic limitations in distinguishing between benign and malignant follicular lesions (4) . More particularly, evaluation and treatment of patients with follicular proliferation (FP) cytology still remain problematic. As this category is associated with a 20-30% incidence of malignancy, patients with this cytological diagnosis are referred for surgery (3) . In addition to the development of biomarkers applied to FNA (5, 6) , efforts to improve the management of these patients have focused on identifying additional clinical and US data that efficiently predict malignancy (7, 8) .
In the present study, we investigated a series of 924 patients who underwent US-guided FNA before surgery, allowing the comparison of cytological and histological diagnoses. Our analysis aimed to evaluate the diagnostic value of FNA cytology, and to examine the risk factors associated with malignancy. In particular, we developed a grading system for FP FNA diagnosis, and investigated its impact on the malignancy risk as well as the additive contribution of clinical and US features. Finally, we have proposed a refined decision aid tool for surgical indication integrating clinical, US and cytological features.
Materials and methods

Patient selection
The series of 924 patients analysed in the present study were identified by a retrospective study conducted in the Department of Pathology, Erasme Hospital (Brussels, Belgium). The selection criteria consisted of patients who underwent FNA followed by surgery (lobectomy or total thyroidectomy) from 1986 to 2007 at Erasme Hospital. The clinical data collected for each patient included age, sex, prior medical history, thyroid scan results, biochemical functional status, serum thyroglobulin level and thyroid antibodies (anti-thyroglobulin, anti-thyroid peroxidase or anti-TSH receptor antibodies). Their distributions are detailed in the Results section.
FNA indications
In our hospital, we carried out FNA of nodules with a diameter larger or equal to 1 cm and exhibiting hypofunction (radionuclide scan), except if they are cystic and without solidity. In addition, each nodule associated with suspicious clinical features (rapid growth or adenopathy) was also considered for FNA without taking into account the abovementioned criteria.
US-guided FNA procedure
FNAs were performed by an experienced pathologist (I S or S R) following a well-defined procedure involving US guidance by a radiologist. As detailed in the Results section, the US examination allowed the assessment of a series of features characterising multinodularity, nodule size, solid or cystic nodule (with three levels of cystic changes: C, CC and CCC), endocystic proliferation, calcification, echogenicity, echogenicity pattern and significant regional lymphadenopathy (lymph node diameter O1 cm). A US probe was placed on the neck perpendicular to the thyroid during all the procedures, allowing clear visualisation of the needle movements in the nodule. The aspiration was carried out using a 21-gauge needle attached to a 10-ml syringe. The aspirated material was smeared on slides (around three slides per aspiration), air-dried and subjected to a diffquick stain. The number of passes depended on the nodule size and the smear cellularity (enabling two passes for the majority of the patients).
Cytological diagnosis
Based on our personal experience, our cytological diagnoses were classified into four major categories as detailed below, and in the case of repeated FNAs with different diagnoses, the most 'malignant' diagnosis was kept for the patient: i) Unsatisfactory or non-diagnostic samples: this involved specimens that could not be diagnosed because of poor fixation, poor cell preservation or hypocellularity (i.e. less than eight clusters of well-preserved cells at least on each of two slides). ii) Benign diagnosis: this involved specimens categorised as benign, which included i) colloid nodules with abundant colloid and benign follicular cells, ii) colloid nodules with cystic changes consisting of abundant colloid-containing macrophages and benign follicular cells and iii) lymphocytic thyroiditis presenting lymphocytes, plasma cells and oncocytic follicular cells. iii) FP diagnosis: this category was subclassified into three grades as follows: a) Grade 1 FP: this is applicable to specimens with variable amounts of colloid, including some sheets of follicular cells presenting with low architectural atypia and without cellular atypia. In these specimens, the pathologist favoured a follicular neoplasm, but a benign lesion could not be excluded. b) Grade 2 FP: this is applicable to hypercellular specimens with scant colloid and sheets of follicular cells and with numerous atypical architectural features. In these specimens, the pathologist favoured a follicular neoplasm. c) Grade 3 FP: this is applicable to specimens with grade 2 FP criteria without a papillary pattern. In addition, these samples presented cytological features suggestive of papillary carcinoma (PC), such as nuclear grooves or ground glass nuclei, but not in sufficient quantity or quality for a definitive diagnosis of the follicular variant of PC. iv) Malignant diagnosis: this involved specimens that had cytological features of malignant neoplasms including PC, medullary carcinoma (MC) or anaplastic carcinoma (AC). Lymphoma and metastasis are also included.
Surgical indications
Cytological diagnoses of FP and malignancy were considered to be a surgical indication. Certain patients with benign RNA diagnoses were referred for surgery when their clinical or US follow-up suggested a high suspicion of carcinoma, or when the symptoms were caused by nodules and/or patient anxiety.
The histological diagnoses were assessed according to the criteria of WHO classification (9) . The differential diagnosis of thyroid tumours with follicular patterns is an important problem for the pathologist (10) . For most of the cases, WHO criteria can be easily applied to distinguish follicular adenoma, follicular carcinoma and the follicular variant of PC. Nevertheless, the diagnosis remains difficult for a few cases that do not perfectly satisfy the criteria. For instance, the diagnosis of minimally invasive follicular carcinoma continues to be controversial, and the poor reproducibility of this diagnosis is well documented (11) . For such cases, we therefore decided to use the terminology of 'follicular tumour with uncertain malignant potential' (FT-UMP). We believe that such a terminology better reflects the clinical and morphological realities. The distribution of the different benign and malignant categories in our series are detailed in the Results section.
Data analysis
Taking the histological diagnosis as the gold standard, we first compared benign and malignant cases in terms of clinical and US features by means of univariate analyses (Mann-Whitney test and c 2 or Fisher's exact test in the case of quantitative and qualitative features respectively). We then evaluated the sensitivity, specificity, positive and negative predictive values and global accuracy of the cytological diagnosis for identifying the malignancy.
To refine the predictive value in the case of FP, we investigated the contribution of the clinical and US features in discriminating between benign and malignant diagnoses by using a decision tree approach (12). To construct a decision tree, the algorithm recursively splits the training dataset into subsets to enrich each subset in one of the classes as much as possible. At each step, the algorithm generates univariate tests based on the observed feature values, and selects the best one by evaluating how well the resulting data split can differentiate observations from the different classes. The algorithm then recurses on each resulting subset until no further gain in class homogeneity can be achieved. To be more accurate on unseen cases, the decision tree is then usually pruned by discarding one or more sub-trees and replacing them with terminal nodes labelled by the majority class (12) . In the present study, we tested three different criteria (i.e. Gini index, entropy and misclassification error) to construct trees, and their respective performances were evaluated by means of cross-validation to select the best approach (12) . We also used cross-validation for selecting stable features in order to extract robust information from our data, as already detailed elsewhere (13, 14) .
The statistical analyses were carried out using Statistica (Statsoft, Tulsa, OK, USA) and R, an opensource software environment for statistical computing (R Foundation for Statistical Computing, Vienna, Austria).
Results
Clinical series analysis
Between 1986 and 2007, 5283 patients were subjected to FNA at Erasme Hospital. Among them, 924 patients underwent surgery at Erasme Hospital. We focused our analysis on the latter series of 924 patients whose histological diagnoses were available. They included 766 cases with a histological diagnosis of benign disease, 15 well-differentiated FT-UMP and 143 cancers. A large majority of the patients were females (77.8%). The mean age was 47 years (range: 6-93 years). Table 1 details the breakdown between patients with benign and malignant histological lesions in terms of clinical and US features, and illustrates significant differences between these two groups (P values !0.05). In particular, we found significant associations between malignancy and higher patient's age, increased thyroglobulin levels and cold nodules. In addition, malignancy was significantly more often observed in unique, solid or hypoechoic nodules. Finally, lymphadenopathy detected by US was significantly associated with malignancy. Among the 26 patients with malignant nodules and regional lymphadenopathy, 21 had metastatic lymphadenopathy, 1 had benign lymphadenopathy and 4 were not evaluated. Among the six patients with benign nodules and regional lymphadenopathy, five had benign lymphadenopathy and one was not evaluated. In contrast, benign and malignant nodules did not significantly differ with regard to patient's gender, thyroid antibodies, nodule size, calcification, endocystic proliferation or echogenicity pattern ( Table 1 ).
FNA diagnostic value
In the 5283 patients subjected to FNA, cytological diagnoses were categorised as follows: 222 unsatisfactory cases (4.2%), 4091 benign diagnosis (77.4%), 827 FP (15.7%), and 143 malignant diagnosis (2.7%). In the subseries of 924 patients who underwent surgery in our hospital, cytological diagnoses were categorised as follows: 24 unsatisfactory cases (2.6%), 118 colloid nodules (12.8%), 295 colloid nodules with cystic changes (31.9%), 13 lymphocytic thyroiditis (1.4%), 78 grade 1 FP (8.4%), 271 grade 2 FP (29.3%), 46 grade 3 FP (5.0%), 50 PC (5.4%), 9 MC (1.0%), 6 AC (0.6%), 5 metastases (0.5%), 5 lymphomas (0.5%) and 4 cases indeterminate between AC and metastasis (0.4%). The correspondence between cytological and histological diagnoses is detailed in Table 2 .
Regarding the four major cytological diagnosis categories, we observed a 4.2% risk of malignancy for unsatisfactory specimens, 1.6% for benign diagnosis, 19.0% for FP and 94.9% for cancers.
Among the 474 patients with a cytological diagnosis who were referred for surgery (FP or cancer), 390 (82.3%) had a histological diagnosis of adenoma or cancer (including FT-UMP). Regarding the surgical indication, the sensitivity and the specificity of FNA were 80.4 and 79.8% respectively for the histological diagnoses of adenoma and cancer. The positive and negative predictive values were 82.3 and 77.7% respectively, with a global accuracy of 80.1%.
In agreement with other series (15, 16) , our data demonstrated that strictly benign or malignant FNA results (i.e. excluding FP) show a great concordance with benign or malignant histological diagnoses (including FT-UMP). This concordance is highlighted by the grey areas in Table 2 . FNA sensitivity and specificity for the diagnosis of malignancy reached 91.5 and 99.1% respectively. The positive and negative predictive values are 94.9 and 98.4% respectively, with a global accuracy of 97.8%. These results indicate that false-positive FNA results occurred for 4/79 (5.1%) patients, and that false-negative FNA results occurred for 7/426 patients (1.6%).
Our data also showed that the accuracy of strictly benign/malignant cytological diagnoses slightly decreased to 96.9% in the case of the 65 patients (including ten cancers) who benefited from only one FNA. In contrast, repeated FNAs (at least one time) increased the global accuracy to 98.8%.
Multivariate risk model of malignancy for patients with graded FP FNA diagnosis
Of the 395 patients with a cytological diagnosis of FP, the prevalence of malignancy (including FT-UMP and all thyroid carcinomas) increased in direct relation with the three FP grades that we defined. Table 2 illustrates the increased risk of malignancy from grade 1 FP (7.7%) to grade 2 FP (17.7%), and finally grade 3 FP (45.7%) (PZ10 K6 ).
In order to improve malignancy prediction in each FP grade, we used the decision tree approach to discriminate between benign and malignant lesions on the basis of clinical and US features. The decision tree-based analyses provided the best results (evaluated by means of cross-validation, see Materials and methods) when the three FP grades were submitted to separate analyses. Figure 1 details the resulting patient stratification based on features robustly selected by the decision tree approach (i.e. stable features, see Materials and methods). This result shows that the extracted risk profiles differed between the three FP grades, and enabled us to identify high-risk groups in each grade (see grey areas in Fig. 1 ). All the threshold values that appeared in this decision tree were automatically selected by the algorithm to differentiate at best benign and malignant histological diagnoses. It should be noted that all the features included in the decision tree characterising FP were also identified in Table 1 as very significant for distinguishing between strictly benign and malignant lesions.
Discussion
In the present study, we investigated the clinical and US features together with FNA-based cytological diagnosis as malignancy risk factors for thyroid nodules. Our univariate analyses identified increased patient's age, high serum thyroglobulin levels and the presence of a cold nodule as factors that are significantly associated with malignancy. While the literature agrees with our results on age and cold nodules (2, 15) , the predictive value of thyroglobulin is not so clearly established (17) . Generally, thyroglobulin assessment is not recommended as a routine initial evaluation of thyroid nodules (1, 18) . However, measurement of serum thyroglobulin is primarily used as a tumour marker in Figure 1 Multivariate risk model of malignancy for patients with follicular proliferation (FP) FNA diagnosis. Each node of the tree consists of a binary test concerning a nodule feature. The grey areas indicate particularly high-risk groups regarding the initial malignancy prevalence (MP) encountered in each FP grade. The reduction in n values between two successive levels in the decision tree is due to missing values for the selected features.
the postoperative management of patients with differentiated thyroid cancer (18) . Additionally, in the literature, a number of US characteristics are associated with an increased risk of malignancy; these characteristics include large nodule size, hypoechogenicity, microcalcifications, solid nodules and the presence of lymphadenopathy (1, 2, 19) . In agreement with the previous studies, we identified lymphadenopathy, solid nodules and hypoechogenicity as factors that are significantly associated with malignancy.
US-guided FNA remains the most sensitive investigational procedure in the evaluation of patients with thyroid nodules. However, as emphasised by various authors, the FNA technique and interpretation should be performed by an experienced team to increase the quality of FNA results (20, 21) . The US guidance for FNA is certainly essential for decreasing the occurrence of unsatisfactory specimens. In our study, all FNAs were performed using US guidance, resulting in a very low percentage of unsatisfactory specimens (2.6%) compared with the range reported in the literature (10-25%) (22) .
The major limitation of thyroid FNA remains in the management of patients with an FP FNA diagnosis because it includes both benign and malignant histological diagnoses. In the complete series of 5283 FNAs, this diagnosis represented 15.7%, which was in agreement with the 15-30% prevalence rate that has been reported previously (2, 20) . The selection of patients who underwent surgery inevitably increased this prevalence (to 42.7% in our series of 924 patients), because the cytological FP diagnoses constituted a surgery indication. Another increase was observed for the cancer FNA diagnoses, which increased from 2.7% in the complete series to 8.5% in the subseries. Meanwhile, benign FNA diagnoses decreased from 77.4 to 46.1%. While affecting global accuracy measurements (combining the different diagnostic groups), these modifications in group prevalence theoretically do not impact specificity, sensitivity and predictive values, except if patient selection biases modify population characteristics (23) . In the present study, both FP and malignant FNA diagnoses constituted surgery indications. In these diagnostic groups, the subsets of patients who underwent surgery at our hospital could be reasonably considered as being representative and unbiased samples of the complete FP and malignant FNA groups. The possible bias in our series essentially involves patients with benign FNA diagnoses. In fact, some of them could be referred for surgery when their clinical or US follow-ups indicated a high suspicion of malignancy. Consequently, the false-negative rates reported in the present study could be pessimistically biased, i.e. higher than their actual values.
In the literature, the reported incidences of falsepositive FNA and false-negative FNA range from 0 to 9% and from 1 to 7% respectively (1, 15, (24) (25) (26) (27) (28) (29) .
As highlighted by Yang et al. (16) , the large variations of the reported FNA sensitivity and specificity were attributable mainly to the data analysis methods. Most studies exclude the indeterminate cytological categories (i.e. FP) from the computation. This is the reason why two accuracy analyses were carried out in the present study: one studying the accuracy of surgical indication because FNA had been used by clinicians as a screening test to determine whether surgery is required, and the other studying the accuracy of malignancy detection. The first analysis was carried out for the FNA diagnosis of neoplasm (including FP), and the false-positive and false-negative rates were 17.7 and 22.3% respectively; the second analysis was carried out for distinguishing between benign and malignant FNA diagnoses (excluding FP), and the false-positive and false-negative rates were 5.1 and 1.6% respectively.
To refine the FP FNA diagnosis, we introduced a three-level grading system. This grading system was implemented before the publication of the NCI FNA guidelines (3, 30) (which was introduced in 2007-2008), and was improved over time. By including unsatisfactory, benign and malignant FNA diagnoses, we currently use a six-category system as favoured by the NCI FNA guidelines (unsatisfactory, benign, atypia of undetermined significance, follicular neoplasm, suspicious for malignancy and malignant). However, there are two differences pertaining to the NCI FNA guidelines: i) in grade 1 FP, the pathologist favours a follicular neoplasm with a very low probability of cancer. For clinicians, the choice of close clinical follow-up is justified, and a novel FNA can be performed after 6 or 12 months. In the NCI guidelines, the terminology 'atypia of undetermined significance' is defined as cytological findings not convincingly benign, and is not sufficiently informative to allow the clinicians to make an adequate therapeutic decision. It should be noted that some members of Committee IV suggested that this category should be optional (3); ii) as opposed to the NCI classification, we used the diagnosis of 'suspicious for malignancy' only for the follicular variant of PC (grade 3 FP). Our subclassification of FP presents a gradation in malignancy incidence (i.e. 8, 18 and 46% in our series) similar to the recently reported figures (5-10, 20-30 and 50-75%) (3). The new guidelines refer patients with a nodule diagnosed with an FP level of 2 or 3 for surgery (i.e. follicular neoplasm or suspicious for malignancy), whereas close clinical follow-ups with repeat US-guided FNA are recommended for the FP level 1 diagnosis (i.e. atypia of undetermined significance) (3) .
We observed that our three FP grades included very different benign and malignant profiles in terms of clinical and US features. For this reason, we combined all the available information by means of a decision tree approach to propose a refined decision aid tool for surgical indication in the problematic cases of FP diagnosis. The obtained model stratifies patients into different levels of malignancy risk on the basis of the FP grade combined with one or more features (which vary with the FP grade) including the patient's age, thyroglobulin level, nodule size and uni/multinodularity ( Fig. 1 ). More specifically, this stratification identified two patient subgroups in grade 2 FP (referred for surgery by the recent recommendations) with a very low risk of malignancy (5-8%), and who could thus be managed conservatively, i.e. close clinical follow-up with repeat US-guided FNA (31) . In contrast, a subgroup of grade 1 FP cases (referred for clinical follow-up by the recent recommendations) exhibited a malignancy risk of 18%, and should thus be referred for surgery.
Our results agree with those obtained from a recent cohort of 468 patients with indeterminate or suspicious FNA for which age, nodule size and cytology were identified as risk factors for thyroid malignancy by a multivariate analysis (7) . However, it should be noted that the indeterminate FNA category used in the latter study was more heterogeneous than ours due to its inclusion of Hü rthle cell neoplasm, atypia, suspicious for PTC, follicular neoplasm and thyroid neoplasm. In addition, other studies analysing follicular neoplasms or indeterminate FNA results identified nodule size and age as malignancy factors (15, 32) .
The present study proposes decision aid tools to refine patient stratification in FP cytological diagnoses. To further validate this proposal, we are planning a prospective study in which additional biochemical (such as serum TSH) and ultrasonographic features (such as Doppler studies, elastography and calcification evaluation) will be included so that data from recent literatures can be taken into account (33) (34) (35) . In addition to clinical and ultrasonographic features, other nodule characteristics, such as those provided by biomarkers, could be useful for preoperative risk stratification, such as investigations for CD57 immunostaining (5) and, more recently, BRAF mutation status (6) in FNA specimens.
In conclusion, this study confirms that US-guided FNA is a sensitive investigational procedure for the evaluation of patients with thyroid nodules. Moreover, for the indeterminate class of FP cytology, integration of FP grade together with clinical and US features allows the stratification of patients according to their risk of malignancy, enabling a possible refinement of their treatment options.
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